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FROM THE AUTHOR 



Space chemistry is a science of the near future. 
Rapid progress in the field of chemical research of the 
planets, stars and nebulae has resulted from the develop- 
ment and application of such sophisticated chemical 
and physical research techniques as ultraviolet, infrared 
and radio spectroscopy, as well as the study of X-ray 
radiation and the magnetic fields of distant celestial 
bodies. 

At the present time much of the data obtained 
has been verified. The manned space flights and the 
flights of automatic interplanetary stations have ope- 
ned the way for the direct analysis of the chemical 
composition of the planets and the study of the inters- 
tellar medium under conditions that have heretofore 
been impossible. The number of hypotheses and assump- 
tions still remaining in space chemistry is constantly 
decreasing, while the general picture of element synthe- 
sis in the interior of stars and the close connection bet- 
ween the evolution of stars and the chemical processes 
that occur in them are becoming more clearly defined. 

The practical application of space chemistry is 
of no mean significance: the precise knowledge of the 
conditions of future space flights, the study of the 
effect of solar activity on the state of the Earth’s atmo- 
sphere and the health of its inhabitants— all this 
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demands an understanding of the chemical processes 
occurring in outer space. 

Near-Earth outer space is gradually being occupied 
by satellites orbiting our planet. Each year their num- 
ber is considerably growing and the problems solved 




Fig. 1. First Soviet sputnik 

with their aid are becoming more complex and varied. 
Long-range weather forecasts are now made on data 
provided by meteorological satellites. Highly valuable 
astronomical information can be obtained by flying 
observatories. It should be borne in mind that the 
principal obstacle in the development of Earth astro- 
nomy is all kinds of disturbances created by the atmo- 
sphere which is in constant motion, always agitated, 
often misty and cloudy. K. E. Tsiolkovsky dreamt of 
small “ethereal communities”, prototypes of modern 
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and future space orbital stations. Such stations will 
be equipped with scientific laboratories, intermediate 
cosmodromes, perhaps they will carry power plajits 
and even whole factories giving off their wastes far 
out into space, thus protecting the Earth’s atmosphere 
and surface from pollution. 

The creation of high-capacity power plants and 
factories far from the Earth may seem at first sight 
to be inexpedient. Why should factories and plants be 
built so far from the consumers and why should such 
transport expenditures be incurred? This is, however, 
no laughing matter as it may appear at a superficial 
glance. As a matter of fact industrial development on 
our planet has already reached such dimensions that it 
is necessary to take into consideration not only wastes 
but the influence of industry on the world’s thermal and 
chemical conditions. The concentration of carbon 
dioxide in the Earth’s atmosphere is continuously grow- 
ing and if no measures are taken, in one or two centu- 
ries it will become dangerous— our globe will resemble 
a room filled with cigarette smoke that is in bad need 
of thorough ventilation. Moreover, the continuous libe- 
ration of heat as a result of the activity of millions of 
plants has already noticeably heightened the mean 
temperature on the Earth. The amount of energy evol- 
ved is so great that very soon (probably in a hundred 
years) mankind will be receiving as much energy in 
this way as it does from the Sun. Overheating is inevit- 
able and the consequences may be undesirable. That 
is why the organization of industry in outer space is 
quite rational and, judging from available data, quite 
feasible. This is no longer fantasy, but rather a diffi- 
cult scientific and technological problem that can, 
however, be solved. 

The conquest of near-Earth space and, all the more 
so, far-distant space flights demand knowledge of com- 
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plex chemical and physical factors. As yet science is 
only embarking on this new path and cannot, by far., 
foresee all that may be met on it; but the chemical “sur- 
prises” encountered will undoubtedly be diverse and 
complex. 

The analysis of soil samples delivered from the 
Moon by Soviet interplanetary stations showed that 
lunar rocks contain iron that is practically resistant 
to oxidation. To the chemist this is an unexpected sur- 
prise which requires special study. 

The astronauts of the Apollo expedition on landing 
on the Moon discovered that the metal of the spacecraft 
Surveyor that had descended earlier on the Moon had 
become brittle and crumbled easily due to the action 
of cosmic radiation on it. Outer space is full of a great 
number of riddles and the more man knows about the 
chemistry and physics of the planets, stars and interstel- 
lar spaces, the easier it will be for future generations 
to solve them. 

Earth science, of course, has grounds to be proud 
of its achievements and its knowledge of outer space, 
but in the course of analysing the state and properties 
of celestial bodies it has become clear that there are 
somethings that have to be perfected and supplemented 
and other things that can be verified on such a scale 
that is simply impossible on the Earth. New possib- 
ilities have even come to mathematics: it has now 
become possible to answer the question whether the 
geometry of Euclid or that of Lob ache vsky-Riemann 
should be applied in studying outer space; the funda- 
mental theories of physics (e. g., Einstein’s theory of 
relativity) are being tested in space “proving grounds”; 
new branches of knowledge (e.g., astrophysics) have 
sprung up; studies are being made of the laws govern- 
ing plasma processes at temperatures of millions and 
billions of degrees, etc. This means that outer space, 
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on becoming the object of research, has influenced the 
development of all the branches of natural science. 

A characteristic feature of the theory of the evolu- 
tion of interstellar matter, stars and other cosmic pro- 
cesses is that it is based on the acknowledgement of 
the deep and inseparable connection between the 
physical and chemical aspects of these processes. Often 
the reason for the change in the physical state of a star 
cannot be understood without investigating the che- 
mical side of the change. On the other hand, the possib- 
ility of chemical, and, especially, nuclear-chemical 
reactions occurring, in a great many cases is determin- 
ed by physical factors: temperature, gravitational 
force, magnetic fields, etc. For this reason when study- 
ing outer space, chemistry cannot be separated from 
physics; it would be more correct to speak of space 
physical chemistry (or chemical physics) than of chem- 
istry in the strict sense of the term. We must constantly 
turn our attention to the physical conditions under 
which the reactions proceed although the purely 
chemical data in this field is very interesting and diverse. 

In this small book an attempt has been made to 
set forth the distinguishing features of the chemical 
phenomena characteristic of outer space. We have 
alloted special attention to the theoretical and expe- 
rimental methods of investigation of space, avoiding 
however, repetition of the material contained in school 
courses of physics and chemistry. At the same time, 
striving to make the book as popular as possible, we 
confined ourselves only to the most essential informa- 
tion concerning the nature of the atomic nucleus, the 
laws of nuclear energetics, the origin of various kinds 
of spectra, etc. The scope of the knowledge of physics, 
chemistry and mathematics given at our secondary 
schools is quite sufficient for understanding this book. 




CHAPTER I 



Research Methods Used 
in Space Chemistry 



1. LIGHT RAYS AND CHEMICAL COMPOSITION 

At the very first acquaintance with chemistry and 
chemical analysis it becomes clear that in order to 
ascertain the composition of a substance it is neces- 
sary, first of all, to have the appropriate quantity 
of the substance. The chemist treats the material 
under test with certain reagents and observes the 
changes that occur (the appearance of precipitates, 
colour, gases, etc.). Not so long ago, the study of meteo- 
rites was the only means of investigating cosmic matter 
by chemical analysis. 

Now when the Earth’s nearest neighbour, the Moon, 
has been explored by the Soviet Luna automatic inter- 
planetary stations, Lunokhod and the American 
Apollo expeditions, and samples of lunar rocks have 
been delivered to the Earth, direct chemical analysis 
of celestial bodies is a matter that can be spoken of 
with certainty. This, naturally, is the most reliable 
source of information. 

The investigations of planets with the aid of auto- 
matic interplanetary stations are undoubtedly of great 
importance. Soviet stations that landed on Venus and 
Mars have communicated from there important data 
on the composition of the atmosphere of these planets. 
The American interplanetary station Pioneer-11 took 
pictures of the surface of Jupiter at a distance of 
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42.000 km. However, it should be borne in mind that 
the nearest star (Alpha Centauri) is 4.2 light-years 
from us, i.e., light travelling from it at a speed of 

300.000 km per second reaches us in 4.2 years! Of 
course, there are no grounds to expect that such far- 
distant space flights will be made very soon. But the 
means, by which the automatic stations flying to the 
Moon or Venus transmit the necessary data to the 
Earth and by which they receive commands from the 
Earth, is also used by the stars, including the Sun, 
to tell us about themselves. The means referred to is 
light rays; the study of light rays is called spectral 
analysis . 

The Sun’s rays bringing light and life to the Earth 
can provide data on the chemical composition of stars 
and their physical state: temperature, motion of hot 
particles and energy of nuclear reactions. However, 
all this can be found out only if you can read the elusive, 
seemingly weightless and non-material light ray. 

In ancient times people prayed at dawn, greeting 
sunlight; but thousands of years passed before the 
language of sun rays was understood. The rainbow was 
not only admired for the beautiful spectacle it presen- 
ted but it made men wonder why instead of “white” 
light there suddenly appeared a series of bright colou- 
red bands. Already in the XIII century, correct sur- 
mises as to the nature of the rainbow were made. 
Grossetst and Vitelo Silezski related this phenomenon 
to the diffraction of light in drops of rain water, 
and in 1666 the great Newton, with the aid of a glass 
prism, dispersed sunlight into its constituent coloured 
rays. Scientists began to study the spectrum thus 
obtained. The glowing surface of the Sun sends to the 
Earth rays of all colours which on blending produce 
white light. I. Fraunhofer and G. Kirchhoff established 
the presence of dark lines in the continuous spectrum 
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of the Sun. They explained these dark bands correctly. 
The Sun’s atmosphere contains definite elements 
(sodium, iron, calcium and other elements) and their 
atoms absorb from the light radiated by the Sun part 
of the rays, namely those which are characteristic of 




Fig. 2. 

Left: 1 — formation of spectrum; the prism deflects rays with short wave- 
lengths to a greater degree and therefore the beam of light is dispersed 
on passing through the prism; 2 — emission spectrum of sodium (wave- 
length in nanometres). Right: 3 — light is radiated by the atom on tran- 
sition of an electron from a distant orbit to a nearer one; 4 — light is 
absorbed by the atom and the electron passes to the excited state 



their own radiation (Fig. 2, 1 and 2). Consequently, 
what elements are found on the Sun can be determined 
by the arrangement of the dark lines. Thus, the first 
steps were taken in the interpretation of the language 
of light. Yet the philosopher A. Kont asserted that 
man would never know what the stars were composed 
of; that was about 140 years ago. In a short period 
of time the science of space chemistry has gone a very 
long way. 
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In many cases the characteristic lines of the emis- 
sion spectra of various cosmic objects (such as nebulae 
and stars) can be observed and from their position 
the chemical nature of the particles that sent the rays 
into space can be inferred correctly. 

Celestial bodies, as is well known, often have 
a high temperature and for this reason are very suitable 
objects for spectral analysis. If the temperature is low, 
it is more difficult to conduct chemical analysis, but 
in this case it is not altogether hopeless. The beam 
of light directed onto the surface of any body is par- 
tially absorbed and partially reflected. The spectral 
composition of the reflected ray differs from that of 
the incident ray; that is why we perceive the colour 
of things: the leaves of trees seem to be green because 
the chlorophyll contained in the leaves absorbs red 
rays from the sunlight while the yellow-green rays are 
reflected and fall on the retina of the eye of the observer 
and produce the visual sensation of the green colour. 
By studying the spectra of reflected rays it is possible 
to infer the chemical composition of celestial bodies 
having relatively low temperatures. In this way the 
first information was obtained about the composition 
of lunar rocks; of the chemical nature of the surface of 
Mars 1 . 

Spectral analysis of emitted and reflected rays 
can be carried out not only in the region of visible 
rays but also in the region of long waves which lie 
beyond the blue end of the spectrum (in the ultraviolet 
part of it) or beyond the red end (in its infrared part). 

Let us familiarize ourselves with certain fundamen- 
tals of chemical spectral analysis. 



1 Of course, the presence of a dense atmosphere on the 
planet (for example, on Venus or Jupiter) prevents the use of 
spectra of reflected light for studying the surface of planets. 
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2. “OPTICAL SPECIFICATIONS” OF AN ATOM 

The atoms of substances are capable of absorbing 
and radiating light. If an electron revolving about 
the nucleus of an atom receives a quantity of energy, 
it generally passes to an orbit of a larger radius. 
M. Planck proved that the frequency of vibration v 
of the wave of light falling on a given atom is related 
to the quantity of energy e which the atom absorbed 
from the light as follows: 

e = fov 

where h is Planck’s constant equal to 6.62 X 10~ 27 
erg-s. 

This signifies that light behaves not only as a wave 
process but as a flow of small material particles with 
a quantity of energy or quantum (the word quantum 
is the latin for quantity), also called a photon . The 
electron that has absorbed a quantum of energy and 
subsequently passed to an orbit farther from the nucleus 
is now in the excited state. It persists in this state for 
a very short period of time. As a rule, it jumps back 
to the orbit of the ground state in millionth parts of 
a second and the absorbed quantum is radiated in the 
form of an electromagnetic wave of the same length 
and frequency of vibration as the original wave. 

It was established by N. Bohr, an outstanding 
Danish researcher in the field of atomic physics, that 
electrons in an atom can revolve without losing energy 
only in certain “permitted” orbits whose radius can be 
calculated. 

Bohr’s theory was only the first step in the field of 
atomic physics. In 1924, de Broglie (France) came to 
the conclusion that the combination of wave and 
corpuscular properties is characteristic of all elementary 
particles in the atom (electron, proton, neutron, etc.), 
and experimental data and further theoretical develop- 
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ment have confirmed de Broglie’s views. The dual 
nature of the behaviour of the objects of atomic physics 
resulted in the impossibility of simultaneously deter- 
mining the position of an electron and its momentum 
with certainty. 

It is possible to calculate with certainty not the 
values of radii in an atom but only the probability of 
finding the electron at a given distance from the nucleus 
of the atom. Each orbit 1 corresponds to a specific energy 
level in the atom. The transition of electrons between 
the orbits, i.e., transition from one energy level to 
another, is accompanied by the radiation or absorption 
of energy. Energy is radiated or absorbed as light 
waves, and consequently, each atom can be characteri- 
zed by the series of light waves, which corresponds to 
the transition of electrons between the energy levels 
in a given atom (Fig. 2, 3 and 4 ). 

The term light wave applies not only to visible 
light but to electromagnetic waves in general, includ- 
ing ultraviolet and infrared waves. The length of an 
electromagnetic wave denoted as A,, the frequency of 
vibration v and the velocity of wave propagation c 
are related as follows: 

c = vk 

The velocity of propagation of an electromagnetic 
wave in vacuum is enormous; it is equal to 3 X 10 10 cm/s 
or 300,000 km/s. 

The simplest atom, the hydrogen atom, has only 
one electron. On absorbing energy in any form the 
electron can rise to one of the higher energy levels; 
the atom passes over to the excited state. Then follows 

1 Since the concept orbit from the point of view of wave 
mechanics no longer makes any sense, the term orbital is often 
used; it denotes a function with the aid of which the energy 
level of electrons is calculated. 
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the reverse transition and the atom becomes the source 
of radiation. The atom radiates a specific wave depend- 
ing on the level to which the electron passes. If from 
the higher level the electron returns to the ground orbit 
at once, there will be given off a quantum of relatively 
high energy and hence, according to Planck’s formula, 
of a high frequency, i.e., a short wavelength. The waves 
produce in the spectrum a series of lines located in the 
ultraviolet region. They cannot be seen with the naked 
eye but can be observed and photographed by special 
instruments (quartz spectrophotometers and spectro- 
graphs). If an electron, as is often the case, does not 
return to the ground state at once but passes from 
various distant orbits to the second one from the nuc- 
leus, waves are emitted with wavelengths correspond- 
ing to the visible region of the spectrum. When transi- 
tions of electrons take place from any far orbit to the 
third one from the nucleus, a group of waves is emitted 
that have wavelengths corresponding to infrared waves. 
They can be detected by the heating up of the junction 
of a thermocouple placed opposite the light waves gr 
with the aid of specially treated plates sensitive to 
infrared waves. 

The spectral lines obtained under different condi- 
tions of excitement of an atom completely characterize 
the atom, i.e., constitute its “optical specifications” 

If the wavelengths characteristic of a given atom under 
Earth conditions are known, it is possible to conjecture 
whether one or another element is present in a star 
from its spectrum, though mistakes are sometimes 
possible. The conditions on the stars are so extraord- 
inary for Earth laboratories that there were instances 
when the spectral lines found on studying star radia- 
tions were attributed to new elements although they 
were, in reality, lines emitted by known substances 
under conditions that could not be simulated on the 
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Earth. At the present time, however, the probability 
of such mistakes is small, and spectral analysis is one 
of the mightiest means of investigating the chemical 
composition of celestial bodies. 

In addition to information about the chemical com- 
position of distant stars, spectral analysis can also 
give an idea of the temperature of stars. Very high 
temperatures correspond to the formation of plasma. 
In such a state the atoms are free of outer electrons, and 
the spectrum shows only lines of hydrogen and ionized 
helium. At lower temperatures atoms of heavier ele- 
ments are formed and then compounds of the type of 
stable oxides. Thus, the temperature of the source of 
radiation can be inferred from the general character 
of the spectrum. 

There exists a dependence between the temperature 
of a heated body and the wavelength on which most of 
the energy is radiated. Hence, the temperature of 
a source emitting a continuous spectrum can be sur- 
mised by studying the energy distribution in accor- 
dance with the wavelengths of the radiated light. It 
was precisely the investigation of the spectrum that 
enabled scientists to correct the mistake made when 
the temperature of the planet Jupiter was discussed. 
It was supposed that Jupiter is a red-hot mass: the 
bright stripes and spots on the surface of its vast 
atmosphere gave rise to this supposition. However, 
the analysis of the radiation of this giant planet showed 
that Jupiter shines only by reflected sunlight; its own 
small radiation corresponds to a relatively low tempe- 
rature of 120-1 70°C. 

Very interesting data on the composition of atmos- 
pheres was obtained by investigating absorption spectra. 
If an atmosphere contains molecules of a certain com- 
pound, these molecules will absorb the radiation 
emanating from the surface of the given planet and 
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dark bands can be seen in the spectrum that are charac- 
teristic of the molecule as a whole (not of individual 
atoms). Molecules also have “optical specifications” 
which are more complex and more difficult to inter- 
pret than those of atoms. 
Fig. 3 shows the wavelengths 
characteristic of the absorp- 
tion spectrum of water. 

Spectral analysis has re- 
vealed the presence of car- 
bon dioxide and a very small 
quantity of oxygen in the 
atmosphere of Venus. Now 
when thanks to Soviet auto- 
matic interplanetary sta- 
tions we have exact data 
that the atmosphere of the 
“evening and morning star” 
really consists mainly of 
carbon dioxide, C0 2 , it can 
be said that spectral ana- 
lysis has passed the test, 
and, consequently, the in- 
formation obtained by this 
method pertaining to other 

Fig. 3. Absorption spectrum ? lan ® tS and staFS iS quite 
of water in the infrared re- trustworthy, 
gion (wavelength in pm) Spectral analysis is one 

of the most effective means 
of investigation in space chemistry. It permits disco- 
vering, at great distances from measuring instruments, 
the presence not only of atoms and ions but also of 
more complex particles (radicals and molecules) pos- 
sessing characteristic spectra. The analysis of spectra 
has made it possible to obtain a precise idea of the 
physical state of an object, its temperature, the con- 
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centration of various substances in it and even of the 
character of the motion of celestial bodies. 

Let it be assumed that for some reason the electro- 
magnetic wave of an atom is rapidly receding from us. 
How will the position of the spectral line change in 
this case? Less waves will get into the objective of the 
spectroscope per unit time than in the case of a station- 
ary distance between the instrument and the wave 
source: the wavelength seems to increase and, accord- 
ingly, the frequency to decrease; the spectral line 
shifts to the red end of the spectrum, i.e., in, the 
direction of longer waves. The velocity of the radiat- 
ing body can be estimated from the red shift in the 
position of the lines in their spectra. This phenomenon 
is called the Doppler effect. Hence, spectral analysis 
can be used nbt only for drawing conclusions about 
the chemical composition of celestial bodies but also 
about their motion. 

Recent years have brought important discoveries 
in radio spectroscopy, i.e., in the field which studies 
electromagnetic oscillations of relatively low frequency. 
It has been established that there are regions in space 
that emit radio waves; some of the sources do so very 
intensively. It has been found that in a number of 
cases emission is of a periodic nature (pulsating stars). 
The study of radio emission in space is undoubtedly 
one of the most interesting and promising branches of 
astrophysics. Astronomers are actively using radio 
waves for examining the depths of outer space. 

The investigation of reflected radio waves has 
opened the way for extensive study of the planets. 
The character of the reflection of radio waves is connec- 
ted with the structure of a surface. Radio waves are 
reflected from a smooth surface differently than from 
a rough surface; Consequently, by studying electro- 
magnetic waves it is possible not only to determine 
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the composition of celestial bodies but even to visua- 
lize the physical structure of its outer layers. 

A reflected radio wave informs the physicist about 
the magnitude of the dielectric constant of the sub- 
stance from which it is reflected. The dielectric constant 
shows how many times the force of attraction between 
two charges is smaller in a given medium than it is 
in vacuum. Thus, for example, if a force of 162 dynes 
acts between two charges in vacuum, in water this 
force will be 81 times smaller and will hardly reach 2 
dynes. A specific dielectric constant is characteristic 
of every individual substance (sand, marble, water, 
benzene, ice, etc.). That is why the magnitude of 
this physical constant can be used to make well-founded 
assumptions concerning the composition of the surface 
reflected. Thus, the value of the dielectric constant, 
which is equal to 3.75, obtained for Venus speaks in 
favour of the assumption that this planet has a sandy 
or rocky surface. 

Of especial interest was the study of waves of 
a length of 21 cm. Such waves are emitted by the most 
widespread element in the universe, hydrogen, when 
a change occurs in the state of the electron associated 
with the self-rotation of this particle. 

The fact is that the nucleus and electron in the 
hydrogen atom are characterized by an angular momen- 
tum; so that for the sake of simplicity the hydrogen 
atom can be pictured as consisting of two tops, 
the nucleus and electron, each of which rotates on its 
own axis and about the common centre of gravity 
(Fig. 4). 

The quantity of energy in the atom depends on 
whether the “tops” are rotating on their axes in the 
same direction or in opposite directions. For this rea- 
son the transition of an atom from one state to another 
is accompanied by the radiation of electromagnetic 
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waves 21 cm in length. The hydrogen atom very rarely 
undergoes such a transition; millions of years can 
pass before the direction of rotation changes but the 
number of hydrogen atoms in space is so great that it 
is possible to study the radiation of a wavelength 
of 21 cm. The results of investigations have provided 
data from which the density of hydrogen in different 




Fig. 4. Two states of the hydrogen atom. Transitions between 
them are accompanied by radiation or absorption of waves 
having a length of 21 cm 

regions of space can be inferred. Of great promise are 
the investigations of short-wave radiation of the type 
of X-rays: this radiation affords evidence of powerful 
nuclear and electronic processes that break out in the 
depth of outer space. From there scientists are conti- 
nually receiving information recorded in the language 
of frequency and their task, which is by no means an 
easy one, is to interpret these messages. All the infor- 
mation obtained on studying the data of spectral 
analyses shows that in outer space there are no elements 
that are unknown to man; but in celestial bodies the 
elements familiar to us are often under conditions 
that cannot be simulated on the Earth. 
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3. COSMIC MATTER ON THE EARTH 



The Earth, enveloped by the atmosphere, rushes 
through space, and although the atmosphere apprec- 
iably weakens the action of radiation, it is not impe- 
netrable to some solid particles which can be met with 
on the way. Even when these solid particles are strongly 
heated because of friction against air and are completely 
converted to vapours, all the same the products of 
their conversion sooner or later will reach the Earth. 

As a matter of fact, solid bodies of all possible sizes 
from the fine particles of cosmic dust to large meteori- 
tes with a mass of hundreds of kilograms and even 
several tons fall on the Earth. 

Cosmic dust slowly settles down on the surface of 
the Earth and recently, thanks to data from artificial 
Earth satellites, it has become possible to determine 
the daily fallout of this dust. It proved to be enormous: 
daily our planet receives up to 20,000 tons of cosmic 
matter. The composition of the Earth’s surface cannot 
differ essentially from that of the cloud of rarefied 
dust through which all the celestial bodies of our 
solar system have been moving for billions of years 
(see below the theory of O. Yu. Shmidt). It is of 
interest to know that the fallout of dust varies. In 
1938, such a large cloud of dust invaded the Earth’s 
atmosphere that in the vast northern regions of Siberia 
the intensity of daylight was markedly reduced. 

The Earth not only receives matter but loses it as 
well. Part of the gases and water vapour in the atmos- 
phere are carried off into space. It may well be that 
in a remote geological era there was more water on the 
Earth and the level of the World’s ocean was consider- 
ably higher. Thus, the Earth and outer space are con- 
stantly exchanging energy and matter, i.e., together 
they constitute a dynamic system. 
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The sizes of meteorites vary over a wide range. In 
its motion the Earth periodically crosses the orbit of 
a meteor swarm. Between Mars and Jupiter there are 
a great many (more than 3000) small fragments of 
celestial bodies which revolve around the Sun but 
sometimes deviate from their orbits and, being drawn 
into the region of gravitational attraction of our planet, 
fall onto it. Small fragments of a mass equal to a frac- 
tion of a gram (meteoritic particles) burn up in the 
atmosphere, leaving a luminous trail of u a falling star” 
behind them, while larger ones (meteorites) can reach 
the Earth’s surface. 

The appearance of meteorites was always unexpec- 
ted and the light and sound effects, often very violent, 
that accompanied fheirfall aroused fear and even panic. 
Many vivid descriptions of terrible events recorded 
in ancient documents and chronicles have come to our 
days. In the Nikonov annals of the year 1421 it is 
said of a meteorite that fell in the Great Novgorod: ”... 
rain and hail and stones fell from the clouds to the 
Earth... and people were hardly able to recover from 
their fright”. 

In 1162, during a meteorite shower in the vicinity 
of the Kirillo-Belozersky monastery many small stones 
fell to the ground. An eye-witness wrote: “ the ground 
shook, mansions tottered and many people in their 
terror fell to the earth. And then small and large 
stones fell with great violence” 1 . 

These observations evidently pertain to stony mete- 
orites. Iron meteorites are encountered more rarely, 
however, they are easier to find after they have fallen. 
Iron meteorites were sometimes used for making wea- 
pons. Meteoritic iron supplied the inhabitants of 



1 B. Vorontsov-Velyaminov. Ocherki o vselenrtoy (An Essay 
on the Universe). Gosteoretizdat, Moscow, 1951. 
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Greenland with the means for making knives and other 
instruments. Meteorites were the sole source of metal 
because the layer of ice and snow on the ground there 
excluded any access to mineral ores. In 1621, in Lagor 
(India), swords, daggers and lances were made from 
meteoritic iron, though this was very difficult because 
“celestial iron” can be wrought (hammered into shape) 
only in the cold state. 

Strange as it may seem the very fact that meteorites 
do fall was doubted by scientists for a long time and 
even at the end of the XVIII century (1790) when 
discussing reports on a observed meteorite, the mem- 
bers of the French academy, including the famous 
chemist A. Lavoisier, came to the conclusion that it 
was physically impossible for stones to fall from the 
sky. This paradoxical situation can partly be attribu- 
ted, probably, to the fact that the remnants of small 
meteorites sometimes differ in appearance so little 
from terrestrial rocks that they do not attract atten- 
tion. The first official report stating that two “pieces 
of iron”, i.e., iron meteorites, fell down from the sky 
dates to 1751 (according to B. Vorontsov-Velyaminov); 
it is an episcopal record of an event that occurred 
in Grashin (Yugoslavia), on May 26, 1751. Twenty 
years later in 1772, in Siberia, Academician Pallas 
discovered an iron-stony meteorite previously found 
by the Cossak Medvedev in the 40s; it weighed 700 kg. 
This meteorite went down in scientific history under 
the name of “Pallas iron” and served as the basis for 
the book by E. Chladny printed in 1794 in which the 
author proved that stones can fall from the sky despite 
the doubts of sceptics. An important feature of the 
investigations of this scientist was the acknowledgement 
of the cosmic origin of these mysterious stones. Still 
earlier (in 1754) the idea of the extraterrestrial origin 
of meteorites was mentioned by Stepling, the Czech 
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investigator-astronomer. In 1803/ the same conclusions 
were drawn by the French Academy of Sciences but 
all doubt was dispelled only after a meteorite shower 
consisting of about 3000 small meteorites fell on the 
city of L’Aigle. 

Gradually meteorites began to attract the attention 
of chemists, geologists and even travellers who found 
traces of their falls in various regions of the globe 
and sometimes fragments of large bodies breaking up 
or exploding at the end of their travel in space. In 
1897, Peary found an enormous iron meteorite (33 tons) 
in the ice blocks of Greenland; in Hoba (South-West 
Africa), a 60-ton giant meteorite was found containing 
iron and nickel (16 per cent); in 1937, near Minsk 
a meteorite was found with a mass of 188 kg; in Mexico, 
there is a meteorite weighing more than 24 tons, left 
on the spot where it fell, etc. 

One of the meteorites excavated in Quaternary 
deposits in Argentina at a depth of 6 metres was, 
apparently, the cause of the death of a megatherium 
whose bones were found at the very spot where the 
meteorite fell. Some celestial wanderers — stones fal- 
ling on the Earth’s surface — had colossal dimensions. 
Traces of a visit of one of these meteorites that struck 
the ground can be found in Arizona where on the sur- 
face of the lime-sandy plateau there is a large crater, 
the Canyon Diablo, having the shape of a funnel 
1.2 km in diameter. The depth of the crater is 180 
metres; it is surrounded by a wall 45 metres high. 
The violence of the explosion can be inferred from 
the fact that a slab of stone almost half a kilometre 
long was stood up vertically by the explosion and 
a number of fragments of cliff rock of a mass up to 
700 tons was scattered at a distance of 10 km. It is 
believed that the meteorite probably went deeply 
into the ground, but repeated attempts to reach it 
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were unsuccessful, although at a depth of 300 metres 
the borers were broken on striking some hard material. 
It is supposed that the Arizona meteorite fell onto the 
Earth 5000 years ago. 

In 1908, a meteorite of gigantic size fell and explo- 
ded in the region of Podkamennaya Tunguska. Flying 
above the Earth in the North-Eastern direction it radia- 
ted such a bright light that it outshone the Sun. Appro- 
aching the Earth’s surface at a rate of tens of kilometres 
per second it exploded in the taiga (vast Siberian con- 
iferous forest) and formed numerous craters in the zone 
of explosion. The sound produced by the explosion was 
heard at a distance of 700 km. At a distance of 60 km 
from the spot where the explosion occurred the effect 
of the blast was devastating. The woodland in that 
region was burnt down and felled in an area with a 
diameter of about 25 km. The explosion wave went 
round the globe twice and was registered in Germany 
and the United States. The meteorite, apparently, was 
broken up into very small fragments and its main 
mass vapourized at the moment of explosion; no frag- 
ments have ever been found. 

In 1947, in the vicinity of Sikhote-Alin an enor- 
mous meteorite fell to the Earth leaving a bright 
luminous trail behind it, which could be seen at 
a distance of 300 km. The expeditions that worked at 
the site of the explosion (F. Shipulin, V. Fesenkov, 
E. Krinov and others) found 106 craters and thousands 
of fragments. The total mass of the meteorite shower 
(according to B. Vorontsov-Velyaminov) was appro- 
ximately 100 tons. 

In our times all meteorites are carefully examined 
and registered, and the science of meteorites (known 
as meteoritics) is a wide and well developed branch 
of astrophysics. 
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The chemical analysis of meteorites is simple enough 
when compounds whose content in celestial bodies is 
relatively large are concerned; the analysis of substance 
whose concentration is very small is much more dif- 
ficult. 



4. ANALYTICAL PROCEDURES AND TECHNIQUES 

Qualitative and quantitative chemical analysis is 
carried out by different methods depending on the 
quantity of the substance at hand, its nature and 
also the accuracy required. Although for many com- 
mercial products the quantitative determination of 
impurities to the nearest 10 -3 per cent is often quite 
adequate, in other cases the materials used in modern 
technology demand an accuracy of 10~ 8 per cent and 
even 10~ 8 per cent. When investigating meteoritic 
substances the accuracy must be even greater. Some- 
times theoretical deductions of enormous importance 
for the progress of space science depend on the correct 
estimation of the content of a certain compound. 

Therefore the chemical methods of meteoritic analy- 
sis are supplemented by physico-chemical methods of 
analysis. If the analyst is provided with a piece of 
stony meteorite of sufficient size, he should begin 
with chemical analysis. It can be assumed at the very 
start, for example, that the meteorite contains silicon 
dioxide (Si0 2 ). But prior to proceeding with quantita- 
tive analysis, preliminary qualitative tests should be 
made to obtain an idea of the nature of the substance 
under test. In order to determine the content of silicic 
acid, a weighed portion of the material is treated with 
perchloric acid solution (HC10 4 ), then boiled to dis- 
solve the metal compounds and the precipitated acid 
is filtered, washed, dried and weighed. 




To check the accuracy of the determination, the 
silicic acid precipitate is treated with hydrofluoric 
acid whereupon the silicon is converted to silicon 
tetrafluoride; on heating, the tetrafluoride vapourizes 
and the original content of silicic acid can be found 
from the loss in mass. This is a typical procedure in 
analytical chemistry, tested on hundreds of thousands 
if not millions of specimens, which gives unerring 
results. 

But the analyst may be faced by another problem. 
It is supposed that the meteorite contains a complex 
mixture of organic compounds. The amount of organic 
matter is very small and the nature of the components 
and even their number are unknown. Should purely 
chemical methods be used in this case? It would be 
taking a chance of losing precious material because 
we do not know how the components will behave in 
the process of chemical treatment, heating, drying, 
etc. 

The analyst will try to dissolve the material in an 
organic solvent or mixture of solvents and will then 
try physico-chemical methods of analysis. He will 
probably apply chromatographic or spectral analysis. 
Chromatography is indeed a marvelous discovery. For 
hundreds of years people observed how a solution 
of a mixture of dyes spreads over porous materials, 
fabrics, paper and how there appear coloured rings 
and stripes indicating the separation of the dyes. 
To observe this phenomenon, it is enough to mix inks 
of different colours and then to apply a drop of the 
resulting solution on filter paper, even on a blotter: 
the individual dyes are separated and instead of a mono- 
chromatic spot we’ll obtain concentric rings of diffe- 
rent colours. It did not occur to anybody that here 
was the key to the solution of very complex problems 
of analytical chemistry. It required the genius of 
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M. Tsvet to understand the practical application of 
this natural separation of a mixture due to the diverse 
absorbability of organic compounds in a layer of 
porous material. 

A complex mixture of substances, for example, 
of amino acids dissolved in water is absorbed on 
a sheet of paper immersed vertically in the solution. 
Different amino acids rise at different rates, and if 
the process is discontinued, each acid will reach a dif- 
ferent place on the paper. The zones where the acids 
are concentrated can be expanded out by saturating 
the sheet of paper with an appropriate solvent and, 
finally, these zones can be clearly seen if the paper is 
treated with the organic compound ninhydrin in which 
all amino acids give compounds that are red-violet 
in colour. 

Now to perform quantitative analysis, the parts 
of the sheet of paper where individual amino acids 
have accumulated are cut out, the coloured substance 
is extracted by a solvent and its content determined, 
preferably with the aid of a spectrograph. This consti- 
tutes the whole analysis. The example of the analysis 
of a mixture of amino acids is given because such 
mixtures are the most difficult to analyze by purely 
chemical methods. The major part of the great progress 
achieved in our days in the field of the chemistry of 
proteins and natural complex compounds, the chemistry 
of transuranium elements, etc. is based on chromato- 
graphic analysis. There are various techniques of 
chromatographic separation. Not only paper is used 
as the absorbent, but also different carbonates, oxides, 
starch, etc. 

Gas chromatography is used for analyzing volatile 
substances (gases and vapours). The mixture of gases 
is passed through a column (a long tube) containing 
an adsorbent (for example, coal). The layers of adsor- 




bent are gradually saturated. At a certain moment at 
the other end of the column one of the mixture com- 
ponents begins to emerge, the component which is 
less readily adsorbed and that is followed by a com- 
ponent that is more readily adsorbed, etc.; the mix- 
ture is thus separated. The first (“front”) layer of the 




Fig. 5. Typical gas chromatogram: the separation of a mixture 
of hydrocarbons. Axis of abscissas — time in minutes; axis of 
ordinates— detector signals indicating the amount of effluent 
component; C 17 , C 18 , C n — the number of carbon atoms in the 
hydrocarbon molecule 



adsorbent can be saturated with the mixture of volatile 
substances and then the adsorbed components are 
expelled with the aid of a continuous stream of inert 
carrier gas. The separation of the components takes 
place within the layer of adsorbent where adsorption 
zones of all the components are formed. The components 
of the mixture emerge from the exit of the column one 
after another (this method is known as gas chromato- 
graphy by selective adsorption). The apparatus for 
such analyses are chromatographs which operate auto- 
matically and with a high degree of accuracy (Fig. 5). 
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Chromatography made possible the' analysis of the 
.composition of very rare meteorites of unexplained 
origin— of carbonaceous chondrites which will be con- 
sidered below. 

Above we have already mentioned the spectrograph, 
an instrument which can be used very effectively for 
. direct analysis of substances. Let us examine its mode 
of operation in greater detail. Spectrographs are used 
-to study absorption spectra. The point is that in order 
to obtain emission spectra it is necessary to heat the 
substance under test strongly and many complex mole- 
cules do not withstand heating. A ray of light on pas- 
sing through a substance in the pure state or in solu- 
tion is partially or completely absorbed by it. The 
reason for this is that the energy of the light waves is 
spent to change the motion of the constituent parts 
of the molecule. Waves of long wavelengths from 
beyond the red end of the spectrum (infrared radia- 
tion) are absorbed by certain groups of atoms, for 
example, OH, NH a , CH, CO, etc.; each group absorbs 
radiation of different wavelengths within a narrow 
range. The absorbed energy is expended to raise the 
energy level of the atomic nuclei vibrating at a defi- 
nite frequency. Visible light and ultraviolet radiation 
carrying large quantities (quanta) of energy transfer 
the electrons of the molecules to higher levels. Visible 
and ultraviolet rays can be recorded by various means; 
in particular, with the aid of photographic plates on 
which these waves act strongly. 

■- It is convenient to register infrared rays with the 
help of a thermocouple or bolometer. A thermocouple 
is a combination of two dissimilar metals in the junc- 
tion of which a current is generated that is proportional 
to the amount of energy absorbed. A bolometer 
consists of a fine blackened platinum wire the resis- 
tance of which changes with heat. The infrared rays 
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heat the wire and the intensity of a wave in the infra- 
red part of the spectrum is inferred from the change 
in the resistance of the wire. 

A beam of light containing various waves is absor- 
bed in a complex molecule by electrons and whole 
groups of atoms. In accordance with the decrease in the 
intensity of radiation of one or another wavelength 
after it has passed through the substance it is possible 
to determine of what atoms the molecules of the sub- 
stance are composed and how they are distributed. 
Sometimes the result obtained can be checked. Let us 
assume, for example, that after dissolving a portion of 
carbonaceous chondrite in an organic solvent and 
determining what waves are absorbed by the solution 
we come to the conclusion that the solution contains 
the hydrocarbon naphthalene. To check this let us 
take a solution containing this hydrocarbon and com- 
pare its absorption spectrum with that observed in the 
meteorite extract. Identical spectra are the best proof 
that the composition of the substance was correctly 
inferred. The instruments used for investigating such 
absorption spectra are called spectrographs. They are 
often designed so that rays of all wavelengths may 
pass successively through the substance under test, 
and the instrument automatically records the degree 
of absorption in the given substance of each wave 
(actually in a very narrow range of wavelengths). As 
a result, a curve is obtained on which the wavelength 
in nanometres or angstroms (1A = 0.1 nm — 10“ 8 cm' 
is plotted on the axis of abscissas and the value tha 
characterizes absorption (optical density, i.e., the loga- 
rithm of the ratio of the intensity of incident light 
to the intensity of the light that passes through the 
solution; optical density is directly proportional to the 
concentration of the substance), on the axis of ordina- 
tes. Since absorption is proportional to the concentra- 
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tion of a substance, the content of a given) constituent 
in the mixture can be determined quantitatively as 
well as qualitatively. 

For rapid analysis of the elements found in iron 
meteorites, use can be made of instruments in which 







Fig, 6. General view of apparatus for analyzing lunar soil in 

vacuum 



the substance under test is heated to a very high tem- 
perature at which it radiates light waves itself. In 
such instruments (for example, in styloscopes) analysis 
is conducted by means of emission spectra. Hence, the 
substance being tested is placed under conditions simu- 
lating those in which it radiates when on a star or in 
the upper atmosphere of the Sun. These are not the 
only procedures of analysis. Other methods used are 
lluorometry, radioautography (X-ray photography)* 




study of the isotope composition and distribution of 
mass of isotopes, magnetic investigations, etc. The 
analysis of soil samples provided by spacecraft requires 
the development of special techniques that exclude 
the possibility of contamination of the samples by 
substances of Earth origin. The analysis of the compo- 
sition of gases contained in materials of extraterrestrial 
origin is performed in vacuum or in the atmosphere of 
an inert gas. Figure 6 shows up-to-date apparatus for 
analyzing soil samples delivered from the Moon by 
Soviet automatic interplanetary stations. The apparatus 
was designed and set up by Yu. Surkov, A. Kheifets, 
E. Rudnitsky, K. Danilov, and V Glotov. 1 



1 See Izuchenie vnezemnogo ueshchestua v srede inertnogo 
gaza t sverkhvysokom vakuume (Analysis of Extraterrestrial 
Matter in the Medium of an Inert Gas and Ultra-High Vacuum), 
“Nauka” Publishers, Moscow* 1971. 




CHAPTER II 



Chemical Composition 
of Celestial Bodies. 

The Solar System 

1. METEORITES 

Iron is the principal component of a large number 
of meteorites (iron meteorites). Iron-stony meteorites 
(siderolites) gnd stony meteorites (chondrites and 
acfiondrites) also occur often. 

Iron meteorites, in addition to iron, are usually 
composed of nickel, cobalt and other metals. These 
meteorites contain, on the average, 90 per cent iron, 
8.5 per cent nickel, 0.6 per cent cobalt and approxi- 
mately 0.01 per cent silicon. Alloys of iron and nickel 
are known as kamacite (the ratio of nickel to iron is 
0.06) or taenite (the ratio of nickel to iron is from 
0.14 to 1.0). Their combination is called plessite. 
Metals form crystal structures (Fig. 7). After polishing 
and pickling, the characteristic intersections of kama- 
fcite “beams” can be seen; they are noticeable because 
of the difference in the ability of kamacite and taenite 
to reflect light (Widmanstatten structure). Figure 8 
shows the photograph of an iron meteorite. This 
meteorite fell in 1916 in the neighbourhood of Nikolsk- 
ItJssuriysk and was described by O. Baklund in 1916. 
iThe magnetic properties of this meteorite were studied 
[by N. Akulov and N. Bryukhatov. The meteorite 
^Contains 5.2 per cent nickel, 0.5 per cent cobalt, the 
^remainder is iron. Although the isotope composition 
0pf a great number of meteorites is similar to that of 





Fig. 8. Iron meteorite “Boguslavka” that fell on the Earth 
in 1916 and on falling split apart into two parts 




rocks of Earth origin, the chemical analysis of meteori- 
tes has made it possible to discover in them interesting 
witnesses of the “life” of these celestial wanderers. It 
was found that the following isotopes occurred in 
them: 26 Al, 36 C1, 44 Ti and others which are formed 
under the influence of cosmic radiation. Therefore 
the intensity of cosmic radiation and its duration can 
be determined on analyzing the isotopes. 

The age of meteorites is found from the ratio of the 
quantity of radioactive isotope to the quantity of 
stable isotope. In investigations of iron meteorites it 
was actually the content of radioactive argon ( 39 Ar) 
and the stable isotope ( 38 Ar) that was determined. 
The radioactive isotope is produced by the action of 
cosmic rays on the nuclei of atoms in the meteorite, 
while the stable isotope accumulates in the course of 
time as a product of the decay of the radioactive isotope: 
the greater the content of the radioactive isotope, the 
younger the meteorite. In this way the age of certain 
meteorites was established; it turned out to lie in the 
range of 4 to 50 million years. 

About 90 per cent of the meteorites that have 
fallen to the Earth belong to the class of chondrites. 
Chondrites have a very peculiar structure: they con- 
sist of small particles resembling congealed drops of 
silicates; these drops are called chondrules. The drop- 
like particles are cemented by the same substance from 
which they were formed (Fig. 9). Chondrites consist, 
in the main, of silicates and a small amount of iron, 
nickel, ferrous sulphide. According to A. Vinogradov 
the composition of chondrites includes olivine (44.53 
per cent), pyroxene (26.87 per cent), feldspar (11.7 per 
cent), iron and nickel (together 9.0 per cent) and ferrous 
sulphide (6.97 per cent). The minerals olivine, pyro- 
xene, feldspar occur on the Earth as well. The chemical 
composition of olivine is (MgFe) 2 Si0 4 ; of pyroxene, 
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MeiMe 2 (Si 2 O e ) where Me A = Ca, Na, K; Me 2 = Mg, 
Fe, Al, Ti. Feldspar consists of aluminosilicates. 

The mineralogical composition and structure of 
chondrites give grounds for assuming that these mine- 
rals were formed at a temperature not exceeding 




Fig. 9. Chondrites after removal of cementing rock (from a 
paper by A. Vinogradov) 

1000°C. Then, apparently, they slowly (in the course 
of 10 8 years) cooled down to 300°C. Fusion probably 
occurred at a high pressure and then the volatile 
substances were lost and rapid crystallization took 
place. 

Achondrites do not differ much from chondrites in 
their composition but they do not contain congealed 
drops, chondrules. Some of the achondrites are very 
similar to the Earth rock basalt. The abundance of 
individual elements in meteorites is given in Table 1. 
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Table 1 



Abundance of Certain Elements in Meteorites 
(According to B. Levin and S. Kozlovskaya) 



Ato- 

mic 

number 


Element 


Number 
(per 106 
silicon atoms) 




Element 


Number 
(per 10« 
silicon atoms) 


3 


Lithium 


45 


17 


Chlorine 


3,500 


4 


Beryllium 


0.5 


19 


Potassium 


3,000 


5 


Boron 


6 


20 


Calcium 


63,000 


6 


Carbon 


6,000 


26 


Iron 


723,000 


7 


Nitrogen 


10 


27 


Cobalt 


2,400 


8 


Oxygen 


3,410,000 


28 


Nickel 


38,000 


9 


Fluorine 


200 


30 


Zinc 


50 


11 


Sodium i 


40,000 


31 


Gallium 


10 


12 


Magnesium 


900,000 


37 


Rubidium 


7 


13 


Alumi- 


82,000 


38 


Strontium 


18 




nium 




40 


Zirconium 


50 


14 


Silicon 


1,000,000 


41 


Niobium 


1 


15 


Phospho- 




44 


Ruthe- 


1.6 




rus 






■ 




16 


Sulphur 




45 


Rhodium 


0.6 



In the first place it should be noted that meteorites 
contain relatively large quantities of elements with 
even atomic numbers, and secondly, that elements 
with small atomic mass predominate in them. The 
first fact is associated with the particular properties 
of atomic nuclei having an even charge; the second, 
with the conditions under which the elements are for- 
med in celestial bodies (see below). 

Of special interest are carbonaceous chondrites which 
contain 20 per cent water and up to 5 per cent carbon. 
Compounds of carbon combined with hydrogen, nitro- 
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gen, sulphur and other elements have also been found 
in them. 

Apparently, carbonaceous chondrites were never 
exposed to the action of high temperatures. They 
perhaps correspond most closely in their composition 
to that of the original cosmic dust cloud from which 
it is supposed the formation of planets began. 

Carbonaceous chondrites contain organic compounds 
and are a rather rare type of meteorites. There are 
several varieties of carbonaceous chondrites (about 30). 
In them have been found hydrocarbons (aliphatic, 
cycloaliphatic, aromatic), carboxyl acids, complex high- 
molecular compounds having a system of condensed 
nuclei in their molecules, stable free radicals, etc. 
(Fig. 10). Carbonaceous chondrites also contain sulphur, 
carbonates, water of constitution 1 ; the content of deute- 
rium (heavy hydrogen) in the organic compounds of 
chondrites is greater than in “Earth” substances 2 . 

Organic matter in carbonaceous chondrites is con- 
tained in a quantity of 30-50 mg per 1 g of matter; 
not all substances can be extracted by organic solvents. 
The following substances are usually used as solvents: 
water; methyl, ethyl, butyl alcohols; a mixture of 
benzene and ethyl alcohol; chloroform; petroleum 
ether; tetrachloromethane; benzene. The extract from 
meteorites of different types contains from 24 to 48 
per cent carbon, 5-8 per cent hydrogen, 2-4 per cent 
nitrogen, 2-8 per cent sulphur, 1-5 per cent halogens 
(probably, chlorine) and 38-48 per cent oxygen (the 
remainder). 



1 Water of constitution is chemically combined water con- 
tained in compounds but not present as free molecules in them. 

2 It should be noted that other types of chondrites (enstati- 
te chondrites) may contain organic matter which can be ext- 
racted by certain solvents. 
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By means of chromatography, fluoro-capillary ana- 
lysis, infrared spectroscopy, ultraviolet spectroscopy 




Fig. 10. Carbon-containing matter in meteorites (according to 
G. Vdovykin). Composition is shown by solid lines in boldface; 
the probable interrelationship between different forms of car- 
bon, by dotted lines 

and other methods, many of the constituents of the 
mixture of organic compounds have been determined. 
Carbonaceous chondrites also contain gases. The gases 
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were analyzed by mass spectroscopy. In the gaseous 
phase of three carbonaceous chondrites M. Shtudier, 
R. Khayats and E. Anders have found hydrogen, he- 
lium, methane, water, carbon monoxide CO, nitrogen, 
nitric oxide NO, argon-40, carbon dioxide C0 2 , butane* 
carbon oxysulphide, sulphur dioxide S0 2 , carbon disul- 
phide, krypton, xenon, toluene, and even naphthalene; 
ethyl and propylene benzene, dichlorobenzene, anthra- 
cene and phenanthrene. An astonishing variety in- 
deed! How could all these compounds be formed? 
From where were they brought to us by such a small 
piece of mysterious carbonaceous chondrite? What 
part in the formation of these molecules was played 
by the radiation that spreads throughout space? Every 
question is a problem. Here are inert gases and together 
with them the active molecules of carbon oxysulphide 
COS, nitric oxide NO, sulphur dioxide S0 2 , etc.; 
the aromatic hydrocarbons, condensed cyclic or ring 
compounds: benzene, naphthalene, anthracene: 



A 


/v/v 
II 1 


fiTi 


\s 


II 1 1 

•s/N/’ 




Benzene 


Naphthalene 


Anthracene 



How could their complex rings be formed? Under 
what conditions were the initial substances? Aromatic 
hydrocarbons predominate while for some reason or 
other there is no ethane present; the absence of ammo- 
nia is especially amazing. Evidently our knowledge of 
the chemical conditions in space is not sufficient as yet. 

In order to ascertain the part played by radiation 
in the decomposition of hydrocarbons, special experi- 
ments were carried out with bituminous oil shale. 
The shale was exposed to a dose of radiation of from 




300 to 3000 mrad 1 . Under ordinary conditions of radio- 
lysis (radiolytic decomposition) of complex organic 
compounds, methane and ethane are always produced. 
Ethane and methane were actually obtained in model 
experiments; there is neither ethane nor propane in 
meteorites, consequently radiolysis did not play an 
important role in the change of the state of organic 
matter of carbonaceous chondrites. 

It is to be regretted that the results of analyses of 
extracts conducted by different authors do not agree 
very well; and the compositions of like fractions obtai- 
ned from various specimens of carbonaceous chondrites 
also differ from each other. 

Among the saturated hydrocarbons found were paraf- 
fin (about 17 per cent) and cycloalkanes (in varying 
quantities). The largest per cent falls on cycloalkanes 
with one ring (from 17 to 28 per cent); the smallest, 
on polycyclic molecules consisting of 5-6 rings (from 
6.4 to 11 per cent). Alkanes occur in quantities from 
one to tens of micrograms per 1 g of matter (pg/g); 
these hydrocarbons contain from 15 to 23 carbon atoms. 
Carbonaceous chondrites also contain oxygenous orga- 
nic compounds. 

Very small quantities of the following substances 
have been found: alcohols, phenolic compounds and 
fatty acids. Saccharoses (23 pg/g); glucose, mannose 
and arabenose were found in an alcohol extract of 
carbonaceous chondrites. There are also sulphur-con- 
taining compounds; their analysis however is difficult 
because sulphur in meteorites is present in the free 
state in appreciable quantities and can react with 
the hydrocarbons in the process of the analysis. Chlo- 
rine is contained both as ionic compounds and as 



1 Mrad is the unit of radiation dose which is absorbed, 
equal to 10 ergs per gram of the medium. 
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chlorine derivatives of the aromatic hydrocarbons— 
chlorobenzene snd dichlorobenzene. 

One of the most acute and important questions 
arising in the chemical investigations of carbonaceous 
chondrites is, of course, the question of the possible 
biological origin of the compounds carried by these 
queer meteorites. 

It cannot be said with certainty that a particular 
chemical composition indicates biological or non-bio- 
logical origin of a substance. The compounds found 
in cells can originate outside of living systems as 
well. 

It is true that amino acids, the constituents of pro- 
teins, can suggest the biological origin of a substance, 
but that is all. It has been proved that amino acids 
are produced, for example, during electric discharges 
in mixtures of methane and hydrogen, water, ammonia. 
Amino acids, apparently, are contained in carbonaceous 
chondrites — most likely glycine and phenylalanine. 

The question whether other amino acids are pre- 
sent is not satisfactorily answered as yet. The accuracy 
of up-to-date analysis (chromatographic) is so high 
that traces of amino acids that get into the substance 
under test from the fingers of the analyst can be detec- 
ted; therefore the presence of certain amino acids in 
the extracts of meteorites was compared with their 
presence in the fingerprints of the analyst and it was 
found that the occurrence of amino acids in the finger- 
prints almost coincided with that ascribed to the meteo- 
rite substance, i.e., the amino acids detected were 
simply impurities introduced by the analyst himself. 
The same thing happened in the case of chloronaphtha- 
lene which was believed to have been brought from 
outer space, but which actually got into the substance 
being tested from the polish used for parquet floors 
in the laboratory. 




If purely chemical analysis cannot elucidate the 
origin of organic matter in chondrites, then perhaps 
physico-chemical methods can be of assistance. As 
a matter of fact, certain substances in living organisms 
possess a property on the basis of which the origin 
of the substance can be properly inferred. This pro- 
perty is known as optical activity. 

The electromagnetic oscillations of a light wave 
occur in an ordinary ray of light in different planes. 
If the ray of light is passed through a crystal of the 
mineral Iceland spar, a wave can be isolated in which 
oscillations will occur in one plane. Such light is said 
to be plane-polarized. The polarized ray of light in 
passing, for instance, through water does not change 
the plane of polarization; but if sugar is added to the 
water, the plane of polarization of the ray after it has 
passed through this solution will be rotated through 
a certain angle. Substances that rotate the plane of 
polarization are called optically active substances. 
The rotation of the plane of polarization depends on 
the arrangement of atoms around a definite asymme- 
trical atom of the molecule. During a reaction the chan- 
ces that laevorotary or dextrorotary substances (those 
that rotate the plane of polarization to the left or to 
the right, respectively) will be obtained are equal 
because the arrangements of atoms corresponding to 
rotation in one or the other direction are related to 
each other as an object to its mirror image. Hence, 
if the reaction is carried out in a test tube or flask, 
there is always obtained a mixture of compounds rotat- 
ing the plane of polarization in opposite directions, 
i.e., a racemic mixture (that is optically inactive). 
But if the compound was formed in a cell, it can be 
optically active because for the cell it is not all the 
same how the atoms are arranged around the centre 
of the molecule. 
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That is why on detecting optically active compounds 
in any material, the investigator would have grounds 
for assuming the biological origin of the material. 
Obviously, proof of the presence in meteorites of sub- 
stances that rotate the plane of polarization would 
indicate the biological origin of part of the organic 
compounds brought to the Earth from outer space. 
This would be evidence of the existence of some forms 
of life in celestial bodies. Slight rotation of the plane 
of polarization was actually observed by a group of 
scientists working in Nad’s laboratory, but Khayats 
doubted their results which are being discussed to this 
day. Thus, the most interesting problem of space che- 
mistry is still awaiting its solution. Let us briefly 
summarize what we have already learnt about meteo- 
rites. 

The investigation of meteorites has yielded much 
valuable information. It has been ascertained that the 
composition of meteorites does not differ essentially 
from that of terrestrial matter. Assumptions have been 
made that meteorite matter is the parent matter from 
which the planets of the solar system were formed. 
Even the age of a meteorite and the duration of its 
travel in space can be surmised from the isotope com- 
position. The presence of organic compounds in car- 
bonaceous chondrites indicates important processes 
occurring at relatively low temperatures and raises 
the vital problem of the possibility of the biological 
origin of complex organic molecules. The scope of our 
knowledge of outer space is ever broadening and the 
continuation of investigations promises the discovery 
of new physico-chemical processes. At the present 
time the process of formation of diamonds in meteorites 
is attracting much attention. 

Do diamond meteorites exist in nature? Can the 
appearance in the sky of a multi-ton sparkling crystal 
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or diamond shower be expected? Among the works of 
Jules Verne, the talanted French novelist, is the witty 
fantastic novel “The Golden Meteor”. It is about an 
inventor who devised the means of regulating the 
motion of meteorites and directed to the Earth an enor- 
mous meteorite that consisted solely of gold. When 
he understood, at the last moment, that this mass of 
gold would inevitably become the cause of conflicts 
and war between nations and would only bring suffer- 
ing to the people, the inventor dropped the burning 
hot meteorite into the ocean. There are no golden 
meteorites and none are expected; neither are there 
any diamond mountains in outer space, but diamonds 
are found in meteorites and, what is of special impor- 
tance, they are formed in them by collisions. The occur- 
rence of diamonds in meteorites is quite rare and only 
a few diamond-containing meteorites are known. 

The first information about such meteorites was 
obtained in 1886. In the former Penzenskaya province 
near the village of Novy Urey a stony meteorite fell 
down with a crash and a flash; according to all avail- 
able data it broke up into three pieces. This event 
was described in great detail by P. Baryshnikov, 
a teacher, who sent the piece of the meteorite that 
he had found to St. Petersburg for investigation. The 
second piece sank into a swamp, while the fate of the 
third piece was altogether incredible— it was eaten 
up! The villager who found in his field a black stone 
that obviously fell from the sky, accompanied by 
startling light and sound phenomena, concluded that 
the stone would possess miraculous power and could 
favourably influence the course of an illness. The stone 
was broken up into small pieces and sold; the “medi- 
cinal” pieces were ground to a powder, then swallowed 
with water. But such medical treatment, naturally, 
brought neither benefit nor harm. 
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The piece that was sent to St. Petersburg was luck- 
ier — it fell into the hands of Professor P. Lachinov, 
the chemist and Associate Professor M. Erofeev, the 
mineralogist,, and underwent careful analysis. It was 
found that the meteoric matter contained small grains 




Fig. 11. Stony meteorite “Novy Urey” (photo from a paper by 
G. Vdovykin) 



of diamond (of the carbonado type); according to 
rough calculation the weight of the meteorite amoun- 
ted to about 2 kg and that of diamond constituted 
approximately 17.62 g. This meteorite went down in 
the history of science under the name of the “Novy 
Urey” meteorite and the scientists were awarded the 
Lomonosov Prize by the Academy of Sciences. Subse- 
quently this type of meteorite came to be called urey- 
lites; only five ureylites are known and they are 
carefully kept in museums in Leningrad, London, 
Calcutta and Kalgoorlie (in Australia). 
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The huge iron meteorite that created the Canyon 
Diablo also contains diamond inclusions. Figures 11, 
12, 13 show the photographs of the meteorite “Novy 




Fig. 12. Diamond particles from meteorite “Novy Urey” (photo 
from a paper by G. Vdovykin) 

Urey”, diamond particles isolated from it by the well- 
known investigator G. Vdovykin and a large diamond 
particle in the meteorite from the Arizona crater, 
respectively. Perhaps, of the greatest interest and 
value are not diamonds themselves (there are so few 
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of them and they are of low quality) but rather the 
knowledge of the conditions under which they were 
formed. The study of this question led to the conclu- 
sion that diamonds are produced in stony meteorites 




Fig. 13. Large diamond particle from “Canyon Diablo” meteo- 
rite (photo from a paper by G. Vdovykin) 

as the result of the collision of asteroids. In the Ari- 
zona iron meteorite, diamonds were produced as the 
result of the impact of the meteorite against the Earth. 
At the very moment the terrific explosion and the 
terrible crash on the surface of the Earth took place, 
diamond crystals were formed from graphite inclu- 
sions. This may seem unlikely but direct experiments 
carried out in 1961 showed that at a temperature of 
about 800°C the instantaneous increase of pressure up 
to 600 thousand atmospheres gives rise to the forma- 
tion of diamond from graphite in a millionth fraction 
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of a second! At the present time artificial diamonds 
are obtained in various ways and, of course, from the 
scientific and practical standpoint all these facts are 
very important. On the other hand, the fact that under 
certain conditions it has become possible to produce 
diamonds in the laboratory helps us to get an idea 
of the nature of the motion of asteroids and also of the 
process of the formation of diamonds in the crust of 
the Earth. 



2. CHEMISTRY OF THE SOLAR SYSTEM 

Spectroscopic analysis, the investigations of mete* 
orites, astronomical and astrophysical data have made 
it possible to draw well-founded conclusions concer- 
ning the chemical composition of the parts of the uni- 
verse nearest to us, i.e., of the solar system. The pecu- 
liar behaviour of substances of known composition 
under conditions existing in outer space also facilitates 
the solution of important problems associated with 
the evolution of celestial bodies, namely with the life 
of stars and galaxies. Thus, the methods and problems 
of chemistry are interwoven with the problems of cos- 
mology, the branch of science that deals with the the- 
ories of the origin and evolution of the universe. 

Our planetary system, according to the theory of 
0. Shmidt, originated from a cloud consisting of a mix- 
ture of cosmic gas and dust. There is no single point 
of view on the origin of the gas-dust cloud. 0. Shmidt 
assumed that it originated as the result of interstellar 
matter being captured by the Sun. V. Fesenkov sugges- 
ted that the cloud be formed together with the Sun. 
The further evolution of this cloud was associated with 
a process of gradual aggregation, i.e., growth of the 
mass of the particles. 
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There is hardly any loss of energy when molecules 
and atoms collide (elastic collision); when, however, 
a molecule and dust particle or two dust particles 
collide, a part of their kinetic energy is dissipated 
(i.e., is converted to heat and radiated as infrared 
rays.) 

That is why the random motion within the cloud 
diminished while the rotary motion around the Sun 
was retained. A flat rotating disc was formed in 
which condensations of matter appeared. As the con- 
densations increased in mass and were further con- 
densed, the growing gravitational forces gradually 
attracted the surrounding matter to them to form the 
nuclei of planets. The orbital angular momentum of 
the particles from which the planet was formed must 
equal the sum of the orbital and rotary angular momen- 
tum of the planet. 

In Shmidt’s theory the partial dissipation of mecha- 
nical energy in the form of heat is also taken into 
account. This made it possible to understand certain 
features of the rotation of a planet (direct rotation). 
This theory showed the conformity with natural laws 
of the increase in radii of the orbits of planets and 
explained the difference in mass of planets of the 
Earth group and of far-distant planets (Fig. 14) * 

Possibly, five billion years ago in the cloud of gas 
and dust (i.e., a nebula) relatively slow motion of 
masses of matter occurred. The action of the magnetic 
field surrounding this nebula of stars decreased the 
total angular momentum, and this influence remained 
effective up to the time a certain density of matter of 
the nebula was achieved. Subsequently, condensation 
of the nebula took place without loss in angular momen- 
tum and resulted in the separation of an equatorial 
disc from the mass of the rotating matter. The for- 
mation of the disc and its magnetic interaction with 
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Fig. 14, bchemalic drawing showing the formation of stars and 
planets from a cloud of gas and dust 







the central part of the nebula would result, as shown 
by the astronomer F. Hoyle, in deceleration of rota- 
tion of the central part (i.e., the Sun) and subsequent 
withdrawal and breaking up of the disc. It is due to 
the breaking up and the condensation of aggregated 
matter that the planets were formed. All these processes 
could proceed in this way only in comparatively~cool 
stars. 

The temperature of the fragments into which the 
disc was broken up decreased rather rapidly and, 
accordingly, the possibility of the occurrence of par- 
ticular reactions varied. 

Meteorites, according to all data obtained, cons- 
titute the primary matter of the solar system, and 
their composition underwent relatively small changes 
from the moment they had been formed. 

According to A. Vinogradov the material from 
which the planets of the solar system were formed was 
the same substances as those contained in chondrites, 
i.e., stony meteorites. It is clear, that if this is true, 
there are no grounds for expecting considerable diver- 
sity in the chemistry of the Earth, planets and meteoric 
matter. The elements everywhere in space are the very 
same ones and only specific conditions in different 
regions of the universe result in the different distribu- 
tion of the elements and the preferred formation of 
particular molecules. 

3. THE SUN AND PLANETS OF THE SOLAR SYSTEM 

The chemical investigation of the Sun is carried 
out by spectroscopic analysis. In fact, the study of the 
spectrum of the central star of our planetary system 
turned out to be so fruitful that it has surpassed the 
achievements of analytical chemistry. The noble gas 
helium was first discovered on the Sun by spectrosco- 
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pic analysis and only later was found on the Earth 
(helios is the Greek for Sun; helium , of the Sun). It 
should not be deemed, however, that it is easy to 
interpret the meaning of the innumerable electromagne- 
tic oscillations that come from the Sun to the Earth 
and pass into spectrographs in observatories. A great 
number of interferences and complications must be 
eliminated by the spectroscopist observing the burning 
hot surface of the Sun, and sometimes the unusual 
conditions in which the spectrum is excited entirely 
distort the familiar picture and give rise to erroneous 
conclusions. Nevertheless, for more than a hundred 
years the spectrum of the Sun is under study, and at 
the present time the composition of the Sun, in the 
main, is known. 

The immense mass of this star emits a continuous 
spectrum, just as any body would, that is heated to 
such a temperature at which the electrons become 
practically free, escaping from the atoms. The visible 
surface of the Sun is called the photosphere and is the 
source of the continuous spectrum; the gases on the 
surface are strongly ionized, ionization growing rapidly 
from the interior. That is why the gases almost imme- 
diately lose their transparency. As a result the photo- 
sphere seems to have a sharp boundary line although, 
as a matter of fact, the density of matter in it varies 
gradually. 

The photosphere is not homogeneous: it has a dis- 
cernible granular structure; bright flashes arise in it 
and dark spots appear. The sun spots possess magnetic 
properties and occur in pairs displaying opposite mag- 
netism: one spot corresponds to the north pole, while 
the other one, to the south pole of a magnet bar. 

The temperature of the photosphere (the mean tem- 
perature, since the photosphere consists of many layers) 
is equal to approximately 6000°C. Rays from the 
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photosphere penetrate the upper cooler layers of the 
Sun’s atmosphere. The atoms and ions of various ele- 
ments present in these layers absorb the spectral fre- 
quencies which they emit themselves. For example, 
sodium absorbs yellow rays (two characteristic yellow 
lines in the spectrum) which are emitted by glowing 
sodium vapours. On absorbing these rays (energy 
quanta), the excited sodium atom, of course, very soon 
emits them again, but the emitted quantum will not 
necessarily go in the same direction in which the initial 
quantum came; most probably, in this case, the quan- 
tum will have some other direction (a more or less 
random one). As a result of this, in the continuous 
spectrum of the photosphere there appear the dark 
lines observed by J. Fraunhofer, i.e. absorption 
spectra. 

There is, however, a very faint light even in these 
dark (as compared to the general background) bands. 
Moreover it is possible, by shutting off the rest of the 
spectrum and successively projecting different parts 
of the solar disc where there are certain dark bands 
(characteristic of sodium, for instance), to obtain an 
idea of the distribution of a given element on the 
surface of the Sun and even to photograph the entire 
picture. The instrument for photographing the Sun 
in monochromatic light is called a spectroheliograph. 

Above the photosphere there is a thin “reverse” 
layer (500 km thick). This name stems from the fact 
that during total solar eclipses, when the Moon covers 
the photosphere, instead of the dark lines in the spec- 
trum bright lines emitted by this layer can be observed. 
Still higher lies the chromosphere which is slightly 
reddish in colour. This colour is one of the spectral 
lines of hydrogen. The chromosphere is about 6000 km 
thick and scattered in it are various atoms and ions, 
in particular a great number of calcium ions. About 




400 lines belonging to different elements were observed 
in the chromosphere spectrum. 

Still farther from the surface of the Sun is the solar 
corona, a very unstable and mobile part of the atmo- 
sphere of the Sun. It contains atoms, ions and electrons; 
there is evidence that iron ions are present in the corona, 
i.e., atoms that have lost part of their electrons 
(under these conditions iron atoms lose up to nine 
electrons). The lines of calcium, argon, nickel and 
other elements have been found in the spectrum of the 
corona. The temperature of the corona is very high 
and reaches millions of degrees (the reason for this 
is not known). 

Hydrogen constitutes almost 75 per cent of the 
mass of the Sun; helium, about 24 per cent; all the 
other elements make up only 1-2 per cent. However, 
on an Earth scale, 1 per cent of the Sun’s mass is not 
so little. The mass of the Sun is equal to 1.99 X 10 33 g; 
consequently a hundredth part is 1.99 X 10 31 g or 
1.99 X 10 26 tons! Even a millionth part of this enor- 
mous quantity is 3350 times greater than the mass of 
the Earth. The amounts of individual elements are 
determined by the relative intensity of the spectral 
lines, and sufficiently accurate data has been obtained 
for 60 elements; for elements whose atomic mass 
exceeds 57 the data is less accurate. The quantity of 
oxygen, carbon, nitrogen, sodium, iron and nickel 
on the Sun is rather large; that of lithium is small; 
boron and fluorine were found combined with hydro- 
gen; radium, uranium, bismuth, rhenium are present 
in negligible amounts, while the artificial elements 
of the actinide series and unstable radioactive ele- 
ments (promethium, astatine) as well as the halogens 
were not found at all. 

According to the data of V. Cherdyntsev, the Sun’s 
atmosphere contains the following amounts of ele- 
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ments per one atom of oxygen: 



hydrogen 

carbon 

nitrogen 

magnesium 

sodium 



— 560 atoms 

— 0.37 atom 

— 0.76 atom 
—0.062 atom 

— 0.0035 atom 



aluminium 

silicon 

sulphur 

potassium 

calcium 



—0.0040 atom 

— 0.037 atom 

— 0.016 atom 

— 0.00029 atom 
— 0.0031 atom 



The presence of gold (the alchemists’ symbol for 
which was the Sun) is doubted; in any case there is 
not very much of it on the Sun. Attention should be 
paid to the abundance of hydrogen and helium. This 
is very significant and will be discussed below. 

Now let us turn our attention to the planets surroun- 
ding the Sun. It should be noted that in general the 
chemical analysis of planets is very difficult because 
planets only reflect sunlight and therefore their com- 
position must be inferred from the spectrum of reflec- 
ted light (reflection spectrum). Such spectra are dif- 
ficult to interpret and often fail to give grounds for 
unambiguous conclusions. The data obtained concer- 
ning the composition of the atmosphere of planets is 
somewhat more reliable. If spectroscopic analysis is not 
always capable of giving information about all the 
molecules (sometimes rather complex) which can be 
formed in the atmosphere of the planets, theoretical 
calculation comes to its aid. At the first glance this 
may seem to be a hopeless task: how can the physicist, 
chemist and mathematician without investigating the 
atmosphere of a distant planet calculate its composi- 
tion? 

Actually, of course, they must know something 
about the planets, but the salient feature of their work, 
like that of the paleozoologist, is that from very meager 
initial data it leads to broad and important conclu- 
sions. From one bone found in a fossil of times long 
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past, the paleozoologist familiar with the laws of his 
science can construe a picture of the general appearance 
of an animal, and from the concentration of three, four 
or five elements the physico-chemist can predict just 
what compounds are formed. Of course, it is necessary 
to know the temperature, pressure and the properties 
of the initial and end products; but the physical chara- 
cteristics are usually more or less known and the laws 
of chemistry, as has been ascertained, are the same 
everywhere in the universe. 

The basic law of investigations is that under defi- 
nite conditions, for instance, at a given temperature 
and pressure a reaction can proceed spontaneously only 
if it performs positive work. The work of a reaction 
is a relatively simple concept. It is known, for example, 
that in an operating storage battery a chemical reac- 
tion takes place between lead, its oxide and sulphuric 
acid. This reaction resulting in the formation of lead 
sulphate produces electrical energy. If, after discharge 
we desired to return the storage battery to its former 
state, i.e., to obtain the initial substances we would 
have to perform work, that is to recharge the battery 
by means of an external source. The storage battery 
discharges by itself although it must be charged. This 
means that the reaction proceeds ‘spontaneously, per- 
forming useful positive work. 

By applying thermodynamics it has become pos- 
sible to prove that a relationship exists between the 
work of a reaction and the equilibrium constant of 
a reaction. From the general course in chemistry it is 
known that when equilibrium is attained in a chemical 
reaction, the rates of the direct and reverse processes 
become equal. 

The equilibrium constant, for example, for the 
reaction 

2 CO -f* O2 ^ 2CO2 
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is the ratio at equilibrium of the concentrations of the 
molecules participating in the reaction: 

K [CO2] 2 
[0 2 ][CO]2 

The useful work of a reaction at a given temperature 
can be determined from the equilibrium constant and 
the concentrations of the initial and end products 
(reactant and reaction products, respectively). 

The maximum useful work at different concentra- 
tions and temperatures can be calculated by means 
of thermodynamic equations. Thus, it is possible to 
foretell what reactions can take place and what reac- 
tions cannot occur under given conditions. Evidently, 
knowing approximately the conditions on the planets, 
stars or on our Earth in those ancient times it is pos- 
sible to determine what reactions proceeded and what 
products were formed. In order that such calculations 
make any sense it is only necessary to be sure that equ- 
ilibrium does exist in the celestial body under study. 
However, the question of equilibrium is not a simple 
one. Powerful radiation and rapid processes which are 
very likely to occur in outer space are apt to disturb 
chemical equilibrium and then thermodynamic calcu- 
lations will be of no use. 

At one time the majority of scientists working in 
the field of space chemistry and physics believed that 
there were no grounds for calculating reactions proceed- 
ing from the assumption of equilibrium. Thus, they 
rejected one of the most reliable means of investigating 
possible reactions. In recent years, however, a marked 
change in the attitude towards the problem of equilibri- 
um has been manifested. More and more data and 
theoretical reasoning speak in favour of the possibility 
of the equilibrium state being attained in chemical 
processes on celestial bodies. If equilibrium can be 



62 




achieved, then the modelling and calculation of che- 
mical systems is quite possible. 

E. Lippinkot, R. Ekk, and K. Sagan gave their 
attention to the carbonaceous chondrites already spoken 
of above. As is known, a great number of organic com- 
pounds of all kinds are contained in carbonaceous 
chondrites. If all these compounds were formed under 
conditions close to those of equilibrium, an attempt 
can be made to calculate, from the properties of these 
compounds, what substances and in what proportions 
must have been formed in the mixture brought to 
the Earth by the carbonaceous chondrites. It was assu- 
med that graphite did not take part in the reactions 
leading to equilibrium; graphite is not readily formed 
from organic compounds, and scientists did not take 
it into account in their calculations. 

Calculations performed with the aid of computers 
have showed that proceeding from carbon, hydrogen, 
nitrogen, sulphur, oxygen and chlorine, carbonaceous 
chondrites would actually contain the very compounds 
that were found in them by chemical analysis and 
in about the same proportions. 

The success of these calculations prompted the 
authors to attempt the calculation of the atmosphere 
of planets. E. Lippinkot, R. Ekk and K. Sagan assu- 
med that equilibrium is reached in the lower layers 
of the atmosphere into which ultraviolet radiation fails 
to penetrate. In order to appraise the accuracy that 
could be attained in the calculation of the composition 
of the atmosphere of planets, the investigators calcu- 
lated the composition of the Earth’s atmosphere and 
compared the results of calculation with experimental 
data. A study was carried out of the balance of com- 
pounds for all combinations of carbon, nitrogen, hydro- 
gen and oxygen. 
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An extract from the tabulated data obtained by 
them is given below. The experiments corresponded to 
a pressure of 1 atm and a temperature of 280°K. The 
only equilibrium state corresponded to the composition 
of the Earth’s atmosphere: 

nitrogen —0.78 parts by volume (by calculation) 

oxygen —0.21 parts by volume (by calculation) 

argon —0.01 parts by volume (by calculation) 

water vapours — 0.001 parts by volume (by calculation) 
carbon dioxide — 3.3 X 10“ 4 parts by volume (by calculation) 

This convincing result gives grounds for believing 
that calculations of the composition of the atmospheres 
of other planets carried out by these scientists are also 
close to the truth. 

Such calculations should proceed from the given 
concentrations of substances in the atmosphere, and 
then the concentrations which correspond to an equili- 
brium state should be calculated. Thus, in the example 
of the Earth’s atmosphere the parts by volume of the 
gases (0.780 for nitrogen, 0.209 for oxygen, etc.) 
taken initially are those actually found in the atmos- 
phere. To calculate the atmospheres of other planets 
it is also necessary to begin with experimental data. 
Lately, highly valuable information concerning the 
composition of the atmospheres has been provided by 
Soviet interplanetary stations. The value of the results 
of calculation, of course, depends on the reliability 
of the initial assumptions. 

Thus calculations of the composition of the atmos- 
phere of Venus were first based on the arbitrary assump- 
tion that nitrogen predominates in it. Later when pre- 
cise data on the composition of the atmosphere of Venus 
was provided by the Soviet stations Venera-4 and 
Venera-5, it turned out that this assumption was false 
and that the main constituent of Venus’s atmosphere 
was not nitrogen but carbon dioxide. Consequently, 
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the former conclusions were no longer valid. If, however, 
the initial suppositions are sufficiently grounded, the 
equilibrium method can attain valuable results. As 
concerns the atmosphere of Mars, the assumption of 
equilibrium and the initial data available are, appa- 
rently, reliable. Calculations lead to the conclusion 
that at a temperature of 240°K and a pressure of 0.05 atm 
the atmosphere of Mars contains from 0.82 to 0.90 
parts by volume of nitrogen, approximately 0.1 of 
oxygen, the same amount of carbon dioxide and about 
10~ 5 of water vapours. The quantities of other compo- 
unds (in particular, oxides of nitrogen) are negli- 
gible. 

When studying the composition of the atmosphere 
of Jupiter it was supposed that below the cloudy zone 
the parts by volume of water are comparable with the 
parts by volume of methane and ammonia, the pre- 
sence of which on this planet is beyond doubt. Calcu- 
lations were made for a pressure of 1 and 1000 atm 
and a temperature of 200 and 350°K, and the results 
obtained were of great interest (see below). 

The temperature of the upper layers of the atmos- 
phere of a planet can be approximately measured with 
the aid of a thermocouple placed in the focus of a teles- 
cope. The heat radiated by the planet falls on one of 
the junctions of the thermocouple while the other junc- 
tion has a constant temperature. Under these condi- 
tions there arises a temperature difference which pro- 
duces in the thermocouple a thermoelectric current by 
which the intensity of heat radiation is measured. 



4. THE PLANETS 

Prior to the development of spectroscopic analysis 
of reflected light and other refined methods for deter- 
mining the composition of the planets of the solar 
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system it was supposed by some scientists that they 
are all alike in composition. This is not so. Even the 
comparison of the density of the matter of planets 
shows that their composition cannot be the same. 
Planets are clearly divided into two groups. 

The planets nearest to the Sun (the inner planets) 
have a density of from 5.62 to 3.35. The outer planets, 
Jupiter, Saturn, Uranus, Neptune, have a smaller 
density: front 0.71 to 2.43 (see Table 2). 



Table 2 

Density of Planets 



Planet 


Density 


Mercury 


5.62 


Venus 


5.15 


Earth 


5.517 


Mars 


4.00 


Moon 


3.35 


Chondrite asteroids 


3.5 (approximately) 


Jupiter 


1.35 


Saturn 


0.71 


Uranus 


1.60 


Neptune 


2.43 


Pluto 


? 



Mercury, Venus, the Earth, Mars, the Moon are 
undoubtedly solid bodies. They consist of silicates, 
aluminosilicates, carbonates and other minerals consti- 
tuting their surface crust. There is a core containing 
the heavier elements with a large atomic mass in these 
planets. 

The giant planets, Jupiter, Saturn, Uranus, Nep- 
tune, consist of less dense materials: mainly hydrogen, 
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helium, methane, ammonia and other gases. There is 
insufficient evidence of the existence of a solid core 
in these immense gaseous or semiliquid masses. 

Mercury contains a ferromagnetic core 1 and has an 
intense magnetic field. It is supposed that it is sur- 
rounded by powerful radiation belts; then its atmos- 
phere should be ionized toa high degree. One side of 
Mercury is always turned to the Sun; the other side is 
always in the dark. In order to measure the temperature 
of Mercury Nicholson and Pettit placed a thermocouple 
in the focus of a telescope of a 2.5-m diameter and mea- 
sured the current appearing in the thermocouple due 
to the infrared radiation of the planet. It was found 
that the temperature of Mercury varies in a very wide 
range, from —70 to +437°C. The low temperature 
could have been even lower. The relatively small frost 
on Mercury can probably be explained by the influx 
of heat; possibly heat gets into the cold zones due to 
corpuscular solar radiation deflected by the magnetic 
field of the planet. For a long time the very existence 
of an atmosphere on Mercury was questioned. Appa- 
rently, the pressure of the atmosphere, consisting 
mainly of nitrogen (90 per cent) and carbon dioxide 
(10 per cent), lies in the range of 1 to 20 mm Fig. 

Venus and Mars, like the Earth, have an iron core 
surrounded by a mineral (principally silicate) layer. 
On Venus there is a^large amount of carbonates, the 
thermal decomposition of which resulted in the accu- 
mulation of carbon dioxide in the atmosphere of this 
planet. 

According to the data provided by the Soviet 
interplanetary stations Venera-4, Venera-5, Venera-6 
and Venera-7 the atmosphere of Venus consists of 

1 According to the data of S. Kozlovskaya, the total con- 
tent of metallic iron in Mercury (in the core of the planet and in 
the mantle) constitutes approximately 58 per cent. 
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97 per cent of carbon dioxide and contains not more 
than 2 per cent nitrogen, about 1 per cent water vapours 
and not more than 0.1 per cent oxygen. The tempe- 
rature on the surface of the planet is about 500°C; 
the pressure, approximately 100 atm. 

Before all this data became known, it was supposed 
that Venus resembled the Earth and that there might 
be life on it. Many fantastic novels were written that 
dealt with the forms of life on Venus. Large beasts 
(like the extinct dinosaur of the Mesozoic Era on the 
Earth) were supposed to live in stifling hot swamps on 
this planet enveloped in clouds. Actually, the con- 
ditions on Venus exclude the possibility of the develop- 
ment of life because the temperature on the surface 
is too high. The majority of organic compounds decom- 
pose at 500°C. 

The next planet, which is farther from the Sun, 
does not resemble the others. It is enveloped by an 
atmosphere and seems to be bluish in colour. If travel- 
lers from far-distant galaxies were to pay a visit to 
the solar system, they would probably find this planet 
to be the most interesting one; there must surely be 
life on it. This is our Earth! According to all available 
data life on the planets could occur only on the Earth 
and Mars. 

The scorched crust of Mercury, the burning hot 
valleys and cliffs of Venus immersed in twilight because 
of the dense clouds, the cold Moon and the ammonia- 
methane masses of the giant planets are unsuitable 
for supporting life, at least its higher forms. Therefore 
the inhabitants of the Earth, with all due modesty, 
have good reason to be proud of their homeland and 
its remarkably diversified nature. What does the 
Earth consist of? What is its chemistry? If it was not 
very easy to answer such questions when discussing 
the composition of planets, in this case difficulties of 
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